An adaption of an RNA/RNA duplex, base pair -mismatch assay is capable of detecting rifampin resistance in Mycobacterium tuberculosis. The specificity and sensitivity of the mismatch assay in detecting rifampin resistance were 100% and 96%, respectively, when tested against 46 rifampinresistant and rifampin-susceptible strains of M. tuberculosis. By use of a range of mycobacterial and nonmycobacterial prokaryote pathogens, the mismatch assay was shown to be specific for M. tuberculosis and Mycobacterium bovis. The assay is cost-effective compared with DNA sequencing and other molecular methods and is simple to perform and interpret. Furthermore, the assay can return a result within 24 h after receipt of an isolated organism and potentially can be used directly with smear-positive specimens.
Recently, a great deal of interest has focused on the underlyresistance associated with mutations in the rpob gene of M. tuberculosis. ing molecular mechanisms of mycobacterial drug resistance [1, 2] , especially resistance to isoniazid and rifampin. Mutations in the katG gene appear to be the main known mechanism of isoniazid resistance; however, a significant proportion (Ç40%)
Materials and Methods of isoniazid-resistant Mycobacterium tuberculosis have a wild
Bacterial strains. Twenty rifampin-susceptible and 20 rifamtype katG gene [3] . Mutations in the other identified gene pin-resistant M. tuberculosis strains were isolated from clinical associated with isoniazid resistance, inhA, appear to confer specimens obtained from patients in Los Angeles County. A further only low-level resistance [4] . In contrast, the majority (96%) pair -mismatch assay to detect mutations within the 23S rRNA MAC 511 was isolated from a patient with disseminated M. avium gene [8] . The assay uses, in part, a commercially available kit complex disease [10] . Bordetella pertussis, Corynebacterium (Mismatch Detect; Ambion, Austin, TX) that is based on the diphtheriae, Nocardia caviae, Pseudomonas aeruginosa, and nonisotopic RNase cleavage assay first described by Goldrick Streptococcus pneumoniae were isolated from clinical specimens et al. [9] . The mismatch assay for macrolide resistance was at Children's Hospital Los Angeles.
shown to have a sensitivity and specificity of 100%; to be Mycobacteria were cultured on Löwenstein-Jensen or Midrapid, reproducible, and simple to interpret; and to involve dlebrook 7H11 agar (Remel, Lenexa, KS). Other organisms were maintained on chocolate agar (Remel), except M. pneumoniae, steps no more technically challenging than those required for which was cultured on PPLO medium (Remel).
polymerase chain reaction (PCR) [8] . Here we describe the DNA preparation. Crude DNA solutions were prepared by evaluation of a mismatch assay designed to detect rifampin resuspending bacteria in TE buffer (10 mM TRIS-Cl, pH 8.3, 1 mM EDTA) to be equivalent to a McFarland 0.5-1.0 turbidity standard and heating for 30 min at 100ЊC. Purified DNA was prepared from mycobacteria by use of a modification of the Qiagen (Biospec Products). The DNA was purified from the lysate following the Qiagen procedure, and the resulting ratios of optical density at 260 nm to optical density at 280 nm were 1.8-1.9. DNA preparations were stored at 020ЊC.
Oligonucleotide primers. Primers were designed with the aid of Oligo v4 and 5 software (National Biosciences, Plymouth, MN), and optimized for 3 end stability, hairpins, and primer-dimers. For the mismatch assay, two pairs of primers were designed: RPLA (AATAATACGACTCACTATAGGGCGCTGACCGAAGAA-GACG) and RPLB (TTATTTAGGTGACACTATAGGACT-CGTCGGCGGTCAGGTA); and RPLC (TTATTTAGGTGA-CACTATAGGACGCTGACCGAAGAAGACG) and RPLD (AATAATACGACTCACTATAGGGCTCGTCGGCGGTCA-GGTA). Portions in bold are promoter regions for either SP6 Positions and sizes (bp) of nucleic acid tions 2553-2572); these primers span the 81-bp mutation ''hot size standards (double-stranded DNA) are indicated. spot'' of the rpob gene [1] . Primers RPL1, RPL2, MRNApol1, and MRNApol2 were used for the direct sequencing of the rpob gene in the region of the mutation hot spot. Primers K1 (CAGACTreactions were placed at room temperature to cool for 5 min to CCTACGGGAGGCAGCAG) and K2 (TTAACCCAACATCTCallow RNA/RNA duplexes to form. At this point, the reactions ACGACACGA) target M. tuberculosis 16S ribosomal RNA (Gencould be stored at 020ЊC for at least 2 months. bank accession no. X55588) at positions 294-316 and 1021-1044, RNase treatment and RNA/RNA duplex detection. A 4-mL alirespectively, which are highly conserved regions. These primers quot of each hybridization reaction was mixed with 16 mL of were previously shown to amplify Ç760 bp products from all of a 100-fold dilution of RNase stock 1 (prepared per Ambion's the bacteria listed above.
instructions) and incubated at 37ЊC for 45 min. The RNase reac-PCR. The PCR conditions were the same for each of the tions were stopped by the addition of 4.5 mL of RNase gel-loading primer pairs used. The 50-mL amplification reaction mix comprised buffer, and the products were loaded in a 4-to 5-cm-long 3% 10 mM TRIS-Cl (pH 8.3), 50 mM KCl, 2.5 mM MgCl 2 , 0.2 mM Nusieve 3:1 agarose (Intermountain Scientific, Bountiful, UT) gel dNTP, 10 pmol of each primer, 2.4 U of Taq polymerase, and 0.6 by use of 0.51 TRIS-borate-EDTA (Intermountain Scientific) runmg of TaqStart antibody (ClonTech, Palo Alto, CA). The primers ning buffer. The electrophoresis conditions were 9 volts/cm for 45 used with the test and control (H37Ra and H37Rv) strains were min at room temperature. RPLA and RPLB, and the primers used with the reference strain Susceptibility testing. Susceptibility of M. tuberculosis strains (H37Ra) were RPLC and RPLD. The amplification reactions were was determined by a radiometric broth macrodilution assay [12] , placed in either a Gene-Amp 9600 or 480 thermocycler (Perkinand resistance to rifampin was defined as a MIC of §2 mg/mL. Elmer Cetus, Alameda, CA) for 35-40 cycles with the following Sequencing. Amplification products were generated and sesegment temperatures and times: 94ЊC for 1.5 min, 60ЊC for 2 min, quenced using the primer pairs MRNApol1/MRNApol2 and RPL1/ and 72ЊC for 2 min. Amplification product yields were assessed by RPL2. The products were purified using the Qiaquick PCR Purifiin-solution ethidium bromide fluorescence or by 3% agarose gel cation kit (Qiagen), and sequences were determined using dideoxyelectrophoresis, as described elsewhere [8, 11] . nucleotide fluorescent dye terminators and an ABI Sequencer RNA transcription and RNA/RNA hybridization. By use of the (model 373A; Applied Biosystems, San Francisco). Mismatch Detect II kit (Ambion), single-stranded RNA was transcribed from the test and reference amplification products following the manufacturer's guidelines. All reagents for RNA transcripResults tion, hybridization, and RNase treatment were included in the kit with the exception of the amplification products. Briefly, for each Detection of rifampin resistance in M. tuberculosis. The test strain, two 10-mL reactions were prepared, each composed of mismatch assay results for the rifampin-susceptible M. tubercu-2 mL of test strain amplification product, 2 mL of the reference losis strain, H37Ra, and 7 rifampin-resistant strains with differamplification product, 2 mL of RNase-free H 2 O, 1 mL of 101 ent rpob gene mutations are shown in figure 1 . All of the transcription buffer, 2 mL of rNTP mix, and 1 mL of either T7 or rifampin-resistant isolates generated RNA/RNA duplex cleav-SP6 RNA polymerase. The reactions were incubated for 1 h at age patterns indicative of rpob gene mutations, whereas with 37ЊC. Transcription was stopped by the addition of 10 mL of hybridization solution followed by heating to 94ЊC for 3 min. The a wild type strain (H37Ra), the RNA/RNA duplex remained / 9d2f$$au21 06-24-97 13:57:36 jinfal UC: J Infect The mismatch assay has five stages: PCR amplification of a rpob gene region of test M. tuberculosis strains; in vitro transcription of single-stranded RNA (ssRNA) from the test intact. Thus, the mismatch assay readily distinguished M. tuberculosis strains with wild type rpob genes from strains with strain PCR products and complementary ssRNA from PCR product generated from the drug-susceptible reference strain, mutant rpob genes.
The mismatch assay was evaluated in a blinded manner with H37Ra; hybridization of the test strain ssRNA with the reference strain ssRNA; RNase cleavage of the RNA/RNA duplex 20 rifampin-susceptible and 26 rifampin-resistant M. tuberculosis strains. The mismatch assay results matched the susceptibilat any positions of base mismatch; and analysis of the RNase treatment reaction by agarose gel electrophoresis. ity data for all of the rifampin-susceptible strains and 25 of 26 rifampin-resistant strains. Thus, for the detection of rifampin
The positive predictive value of the mismatch assay for the detection of rpob gene mutations associated with rifampin reresistance, the specificity and sensitivity were 100% (25/25) and 96% (25/26), respectively. Subsequent sequencing of sesistance is excellent (100%). Obviously, resistant strains with wild type rpob genes will produce erroneous results; however, lected rifampin-resistant strains showed that there were at least 12 different rpob gene mutations within the rifampin-resistant such strains are relatively uncommon (Ç4%) [5 -7] . The mismatch assay is highly specific for M. tuberculosis group (thr481jasn, ser509jarg, leu511jpro, gln513jleu, gln513jpro, asp516jval, ser522jleu, ser522jmet, his52-and M. bovis, and the presence of other bacterial species (including nontuberculous mycobacteria) will not produce a false 6jasp, his526jtyr, ser531jleu, leu533jpro), including 1 strain with a double mutation (ser509jarg and his526jtyr).
rifampin-resistant result. However, the species specificity of the mismatch assay can be adapted by changing the reference The only rifampin-resistant strain (MDR J) that was scored as susceptible by mismatch assay was sequenced and found to strain. For example, rifampin resistance in M. kansasii could be detected by using an M. kansasii reference strain. The mismatch have a wild type rpob gene in the target region. The genetic and biochemical basis of resistance in this strain is unknown.
assay also has potential epidemiologic value in that specific rpob mutations can be readily discerned. A series of dilutions of purified DNA isolated from strain rpb4 (ser531jleu) was assessed to determine the detection
The concentration of tubercle bacilli in weakly acid-fast bacillus smear -positive sputa has been estimated to be 50 -100 limit of the mismatch assay (figure 2). The dilutions were based on a genome size of 4 1 10 6 bp (i.e., 4.4 fg of DNA/genome). bacilli/mL (adapted from [13] ). Thus, the mismatch assay is potentially sensitive enough to be able to generate a result from A reproducible and definitive result was obtained when DNA equivalent to as few as 31 genomes was added to the PCR 1 -2 mL of smear-positive specimen, even if only 50% of the mycobacterial DNA is released during specimen processing. stage.
Species specificity of the mismatch assay. The species specWe are presently evaluating the mismatch assay in a prospective study of such specimens. ificity of the PCR component of the mismatch assay was evaluated by using DNA prepared from 7 nonmycobacterial pathoThere have been several published reports describing molecular assays for the detection of rifampin resistance in M. (HDA) [7] , and the commercially available line probe assay (LiPA; Innogenetics, Zwijndrecht, Belgium), which is based on Only the DNA preparations from the mycobacteria generated PCR products of the expected size (655 bp) with primers RPLA differential hybridization of amplified targets to immobilized oligonucleotide probes complementary to wild type and mutant and RPLB. DNA from 4 of 7 nonmycobacterial species generated low yields of PCR products (õ200 bp). Thus, the 655-bp sequences [14] . Both SSCP and HDA require long electrophoresis steps under highly controlled conditions and also require PCR product was genus-specific. All DNA preparations were shown to contain abundant amplifiable DNA by a generic 16S expertise to perform and interpret in order to ensure reproducibility. Furthermore, the electrophoresis patterns for some murRNA gene PCR.
PCR products generated with primers RPLA and RPLB were tations (including ser531jleu for SSCP and his526jtyr for HDA, the two most common mutations) can be very similar tested in the mismatch assay with the standard M. tuberculosis reference strain, H37Ra. The only organisms, other than M.
to wild type patterns. The LiPA is technically much simpler / 9d2f$$au21 06-24-97 13:57:36 jinfal UC: J Infect
